Using data from Time History of Events and Macroscale Interactions during Substorms (THEMIS), a statistical study was performed to determine whether a dawn-dusk asymmetry exists in the occurrence rates of the Kelvin-Helmholtz instability during Parker-Spiral (PS) and Ortho-Parker-Spiral (OPS) orientations of the interplanetary magnetic field (IMF). It is determined from the data that there is a strong preference toward the dawnside during PS orientation, and although a preference to the duskside during OPS is suggested, this requires further study for an unambiguous confirmation. The uncertainty in the OPS result is due to a low number of events, which satisfied our selection criteria. Because IMF is statistically in PS orientation, the Kelvin-Helmholtz instability (KHI) preference for the dawn flank during this orientation may help explain the origin of the plasma sheet asymmetry of cold component ions because it has been shown that KHI can drive kinetic-scale wave activity capable of ion heating.
Introduction
It has been well demonstrated that ions in the duskside plasma sheet are statistically hotter (see, e.g., Wang et al., 2012) than that in the dawn sector because the gradient and curvature drift affect more hot component ions, making them move more effectively to the dusk sector. However, the cold component ions are denser and hotter by ≈30-40% at the dawnside plasma sheet than those measured at the duskside (Hasegawa et al., 2003; Wing et al., 2005) . A statistical study of magnetosheath temperatures using 7 years of Time History of Events and Macroscale Interactions during Substorms (THEMIS) data indicates that ion temperatures downstream of quasi-parallel (which is at the dawn flank for Parker-Spiral interplanetary magnetic field (IMF)) bow shock are only 15% higher than downstream of the quasi-perpendicular shock (Dimmock et al., 2015) . This asymmetry that is likely related to foreshock processes or in situ magnetosheath physics is likely insubstantial to account for the magnitude of the plasma sheet temperature asymmetry. This suggests that asymmetric development of physical mechanisms at the magnetopause is responsible for this asymmetric heating and transport of cold component ions. Ma and Otto (2014) showed that specific entropy increase (measure of nonadiabatic heating), during magnetic reconnection at the Earth's magnetopause is possible only if magnetosheath plasma beta is very low ( ≪1). Because magnetosheath beta typically is of the order of unity, magnetic reconnection is likely not the sole process responsible for this heating. layers (Cowee et al., 2010; Ma et al., 2014a Ma et al., , 2017 Matsumoto & Hoshino, 2006; Miura, 1984; Nakamura et al., 2011; Nykyri & Otto, 2001 Thomas & Winske, 1993) , it can play a significant role in magnetospheric dynamics. KHI can be stabilized by plasma compressibility and the magnetic tension force (Miura & Pritchett, 1982) . The onset condition for the KH mode in an ideal, incompressible plasma with a discontinuous (arbitrarily thin) velocity shear layer is m 0 n 1 n 2 n 1 + n 2
where m 0 is the ion mass, n is number density, ΔV = (
is the velocity shear, B is magnetic field vector, k is KH wavevector, and the indices denote plasma properties on the two sides of the boundary (Chandrasekhar, 1961) . Equation (1) suggested that magnetic field tangential to k vector of the KHI can resist deformation of the boundary. In contrast, when both velocity shear and magnetic shear exist in the the same plane and in same scale, velocity shear stabilizes the tearing mode, shutting it off when the flow is super-Alfvénic (Cassak, 2011; Cassak & Otto, 2011; Chen et al., 1997) . Although plasma compressibility and a finite width of the shear flow can stabilize the KHI, Miura and Pritchett (1982 and Pu and Kivelson (1983) demonstrated that the influence for these is tiny for typical KH waves at the Earth's magnetopause. Because the events used for this study have been previously confirmed as KHIs (Kavosi & Raeder, 2015) , the boundary condition for each one must be KH unstable. Nykyri (2013) showed by using MHD simulations that KHI can grow more easily at the dawn flank magnetopause (with source region at the dawn-dusk terminator) during PS IMF orientation because the tangential magnetic field along the magnetopause is smaller at the dawnside (dawn-dusk terminator) than that at the duskside. The statistical observational study by Taylor et al. (2012) that found more KHI events at the dayside dusk flank magnetopause is not in contrast with this because in many of their events the horizontal IMF were not PS, but in OPS orientation, which would generate smaller tangential magnetic field along the duskside magnetopause for many of their events. On the other hand, the cold, dense plasmaspheric plume could also help excite KHI more easily at the dusk sector (Walsh et al., 2015) .
While there exists dawn-dusk asymmetries in most of the magnetosheath plasma properties (Dimmock & Nykyri, 2013; Dimmock et al., 2014 Dimmock et al., , 2015 Dimmock et al., , 2016 Walsh et al., 2012 Walsh et al., , 2014 , probably, the asymmetry of the IMF orientation has the strongest influence on the KHI development in each flank. Because IMF is statistically in PS orientation (see, for example, solar wind and IMF distributions in Dimmock and Nykyri, 2013) , dawnside magnetospheric flank statistically has smaller tangential magnetic field. This could result in more KHI activity at the dawn sector and thus lead to more plasma heating at the dawnside flank associated with reconnection in KH vortices (Nishino et al., 2007; Nykyri et al., 2006) or heating via plasma waves associated with KHI (such as kinetic Alfvén waves created by mode conversion) or by kinetic magnetosonic waves (Moore et al., 2016) .
The KH waves have been frequently observed at the magnetopause of Earth's low-latitude boundary layer during northward (Eriksson et al., 2016; Fairfield et al., 2000; Hasegawa et al., 2004; Lin et al., 2014) , PS (Moore, 2012; Moore et al., 2016; Nykyri et al., 2006) , southward IMF (Hwang et al., 2011; Yan et al., 2014) , and also at the boundary layers of other planets (Boardsen et al., 2010; Delamere & Bagenal, 2010; Ma et al., 2015; Masters et al., 2010; McComas & Bagenal, 2008; Pope et al., 2009; Ruhunusiri et al., 2016; Sundberg et al., 2012) .
A recent survey of in situ data from NASA's THEMIS mission between 2007 and 2013 has shown that Kelvin-Helmholtz (KH) waves are frequent at the magnetopause, occurring about 19% of the time during all magnetopause crossings (Kavosi & Raeder, 2015) . This provides strong observational evidence as to their importance for magnetospheric dynamics. However, this study did not investigate the dawn-dusk asymmetry of the KHI. In the present paper we utilize the KHI event list published in Kavosi and Raeder (2015) and study the dawn-dusk asymmetry of the KHI and its dependence of the IMF PS versus OPS orientation. We also investigate the angle, , between the k vector of the KHI and velocity shear vector, V, that maximizes the KHI onset condition.
The paper is organized as follows: the methodology is presented in section 2, the results are presented and discussed in section 3, and the conclusions are given in section 4.
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Methodology

Data and Instruments Used in the Study
The study utilizes data obtained from instruments on board the five THEMIS spacecraft (Angelopoulos, 2008) . The fluxgate magnetometer instrument (Auster et al., 2008) on board each spacecraft provides full 3-D measurements of magnetic field. There are several time resolutions available which are FGS (3 s), FGL (0.25 s), and FGH (0.008 s). This study uses the FGS data. Plasma moments of velocity, density, pressure, and temperature are calculated on board by the electrostatic analyzer (ESA) instrument (McFadden et al., 2008) at a resolution of 3 s. The ESA instrument covers energy fluxes for ions between 5 eV to 25 keV and electrons from 6 eV to 30 keV. This study only uses ion moments of velocity and density. The upstream solar wind measurements are obtained from the virtual OMNI observatory (1 min resolution monthly data files are used) data base (King & Papitashvili, 2005) . Note that the average of the total magnetic field value during each KH event, B t , which is used to characterize certain KH event properties, is directly computed from B t array provided by OMNI. Therefore, the magnitude computed using the average values of B x , B y , and B z might differ from the average of the B t array (see Tables 1 and 2) .
Upstream Binning Criteria
To categorize the IMF orientation as being PS, OPS, northward (NIMF), or southward (SIMF), the following conditions were imposed on the magnetic field given by the virtual OMNI in GSE coordinates, where B t is the total magnetic field magnitude:
These conditions were checked for each THEMIS magnetopause crossing (MPC) whether it was a KH event or not, and any events that did not meet these conditions were removed from the data set. All remaining events were sorted according with respect to dawn/dusk position and to various conditions including IMF orientation, solar wind speed, and Alfvén mach number.
Time Lag and KH k Vector Orientation Calculation
The time ranges for both events and MPCs were taken from the list by Kavosi and Raeder (2015) ; THEMIS ephemeris and local B data were downloaded using SPEDAS version 1.00, and V SW , B SW , B T , and M A data were downloaded from the OMNIWeb data explorer. In order to account for the time lag between any OMNI measurements and the true time of the event, the time interval for upstream conditions was computed using the event interval and a time lag , defined by equation (2). was computed for each event then subtracted from the limits of its respective THEMIS interval.
(2) Here Δx is the x distance from the relevant THEMIS spacecraft to the bow shock nose and V msh,x is the average magnetosheath speed in the x direction over the duration of the event. In order to determine whether the THEMIS data interval was in the magnetosheath (MSH) or in the magnetospheric (MSP)-like plasma region, n T was computed for all data points in each event, where n and T are the ion density and temperature, respectively. The largest 25% of these data were averaged with the lowest 25% of the data, and this value was taken to be n T at the magnetopause. The points for B, V, and n that corresponded to n T < n msp T msp were assigned to the MSP side, and those that corresponded to n T > n msp T msp were assigned to the MSH side. The first 33% of the data for each KH event in magnetosheath (MSH) and magnetospheric (MSP) side of the boundary were used to compute the average B msp , B msh , ΔV = V msh − V msp , n msp , and n msh . Equation (1) was reorganized as
and was then used to determine which angle, , between k vector and V maximized the onset criteria, assuming the average boundary normal was perpendicular to the [ΔV, k] plane.
Results and Discussion
With the aforementioned filters applied to the 406 listed KH events, 33% were determined to occur during PS orientation, 2% during OPS orientation, 15% were NIMF, and 14% were SIMF. The locations of the PS and OPS events may be seen in Figure 1 . This scatterplot serves as a visualization of the data distribution over the entire set.
Normalization of Occurrence Rates on Dawn and Dusk Flanks
At a first glance, far more events are observed on the dawn flank, and the majority of the events occur during PS orientation. Using THEMIS orbital phase data, we determined that most of the MPCs listed occurred on the dawn flank. Therefore, the occurrences of KHIs for any given upstream solar wind (SW) condition were weighted with respect to amount of MPCs during the corresponding SW conditions. The result of this may be seen in Figure 2 . Each bar represents the weighted occurrence rate of the KH on dawn and dusk flanks by the percentage of MPCs on either flank during both orientations which were KH, while the red circles indicate the total number of KH events in each category. This data summary shows a clear preference of KH toward the dawn flank during PS, and weighted occurrence rates suggests that duskside has more events during OPS than to dawn sector. However, statistically the dusk KH preference for OPS orientation is insignificant because there are only few events for OPS IMF orientation. Indeed, the duskside still has more events during PS than during OPS. This is likely because IMF is more seldom in OPS orientation than in PS orientation. Similarly, Figure 3 displays weighted occurrences of KHIs in either NIMF or SIMF. There is a strong preference to the duskside during NIMF and a slight preference during SIMF. Figure 3 . Weighted KHI dawn versus dusk occurrence rates for NIMF and SIMF. Note that the lower y limit for the raw # of KHI events is 15.
To more deeply explore the summary shown in these figures, the KHIs were split into eight angular sectors based on angle between THEMIS probe and x coordinate, where negative angles, , represent the dawnside and positive angles indicate the duskside. Regions are divided into 30 ∘ increments from dayside up to ±90 ∘ , and final region is 60 ∘ wide extending to ±150 ∘ . Figure 4 shows the occurrence rate distribution in two separate bar graphs: one for PS and one for OPS. Most KH occur at the dawn sector between −60 ∘ to −90 ∘ during PS orientation and the normalized occurrence rates during OPS are highest at dusk sector between 60 to 90 ∘ . The dawn preference during PS is still evident in this figure; however, the OPS becomes more ambiguous due to the low number of data points. The same type of information is shown for NIMF and SIMF in Figure 5 . Normalized occurrence rates indicate that KHI favors dusk sector during NIMF, while most events during SIMF occur at dawn sector between −60 ∘ and −90 ∘ . Figure 6 shows the normalized occurrence rate of all observed KH events at different angular sectors during different Alfvén Mach number ranges:
Angular KH Occurrence Rate Dependence on Alfvén Mach Number and V SW
Most KH events (≈78) occur at the dawn sector between = −60 and −90 ∘ for 5 < M A < 10and for the low solar wind Mach numbers (M A < 5), the largest normalized KH occurrence rates are at the dusk sector for = −30 to −60 ∘ . For the very high Mach number (M A > 20), all KH events occur at the dawn sector.
High values of M A suggest either a high velocity or a low Alfvén speed, which depends on magnetic field and plasma density. Figure 7 shows the occurrence rates in the same angular segments while separating the events by V SW . There is a preference to the dawnside when V SW is relatively low (<450 km/s), and this asymmetry shifts to the duskside when V SW > 450 km/s. A statistical study using 5 years of THEMIS data in the magnetosheath and comparison to MHD simulations by Dimmock and Nykyri (2013) shows that the magnetosheath downstream of quasi-perpendicular shock (typically the dusk sector) has higher magnetic field strength than the dawn sector, while the densities showed very little asymmetry. On the other hand, a slight dawn favored density asymmetry has been reported close to the magnetopause during THEMIS mission Walsh et al., 2012) , but this asymmetry is not so clear in the central magnetosheath (Dimmock & Nykyri, 2013; Dimmock et al., 2016) . The lower densities and higher magnetic field strengths close to magnetopause at the dusk flank would result in higher Alfvén speed than on the dawn flank. This could explain why KH events observed in the dusk sector typically occur for higher solar wind speeds than at the dawn sector and that there are events at dusk for strongly PS orientation, because increased velocity shear will help overcome the magnetic tension. 2016). To explore this statistically for the present set of KH events, equation (3) was applied in order to determine the propagation angle with respect to the shear flow velocity that maximized the onset criteria for each event. The distribution of the angles for maximizing the left side of the inequality is shown in Figure 8 . For majority of the events the KH onset criteria are maximized for −32 ∘ < < 12 ∘ . This plot also reveals some events with very high propagation angles. It is clear that the KHI cannot propagate perpendicular to shear flow plane. We therefore checked the THEMIS data for all the events for which our algorithm obtained | | > 60 ∘ and which were listed as KHI in Kavosi and Raeder (2015) . Five of these events (see the appendix for further information) do not seem to have characteristics of the KHI and had "propagation" angles of −73.5 ∘ , 73.6 ∘ , −60.7 ∘ , −87.1 ∘ , and 60.2 ∘ , respectively. Figure 9 shows the average angle between KH k vector and the velocity shear vector, ΔV, that maximizes the onset criteria for each KH event categorized based on the orientation of the IMF, at dawn (blue) and dusk (red) flanks, respectively. The average SW speed during each category is denoted by white columns. It is evident that for PS, OPS, and SIMF orientations of the IMF, the average magnitude of the angles is slightly larger (23 ∘ < | |<26 ∘ ) at the dawn sector than that at the dusk (21 ∘ < | | < 23 ∘ ). During NIMF the angles are nearly the same (difference only within 1 ∘ smaller at dusk) at both flanks, HENRY ET AL. DAWN-DUSK ASYMMETRY OF THE KHI 7 Figure 9 . Average magnitudes of k vector angles in degrees with respect to velocity shear vector that maximizes the onset criteria for KH events categorized based on the orientation of the IMF, at dawn (blue) and dusk (red) flanks, respectively. The average prevailing SW speed in km/s is indicated by white column with scale on the right side of the y axis.
Propagation Angle of KHI for Maximizing the KH Onset Condition
which is to be expected based on symmetry argument. However, it is very clear that the KH events during NIMF at dusk occur during much higher SW speed (V SW ≈ 530 km/s) than at dawn (V SW ≈ 380 km/s).
Based on IMF draping geometry during PS IMF, it would be expected that dusk flank has a stronger tangential magnetic field (Nykyri, 2013) , so that average would be larger at dusk flank during PS than that at dawn. However, the SW speed for dusk KH events during PS orientation is higher (V SW ≈ 480 km/s) than for dawn flank events (V SW ≈ 380 km/s), which will make it possible for KH to propagate with smaller angle with respect to shear flow plane in order to maximize the onset criteria. For the OPS IMF orientation one would expect higher average magnitude of the angle at the dawn sector than at dusk, which indeed is indicated in these graphs. However, we like to remind the reader that there are not enough events for the OPS orientation to make definite conclusion at this time.
For SIMF, the average angles at the dawn sector are larger by few degrees than the dusk sector, which is interesting considering that for the NIMF orientation the situation is more symmetric. When solely considering the KH onset criteria, the purely SIMF and NIMF orientations for the same plasma parameters will give the same KH growth. However, this is more true for prolonged periods of NIMF or SIMF. If the interval is short, the IMF properties before and after the interval of interest can play a role. Also, in a real system the IMF is never perfect NIMF or SIMF but always has some finite spiral angle, so some bias can be introduced from this. Our IMF selection criteria ensured that B z is dominant, but B x and B y might still be a couple of nanoteslas. To address the effect of this horizontal IMF in x, y plane for our event statistics at the dawn and dusk flanks during NIMF and SIMF intervals, respectively, we have further analyzed these events. Figure 10 shows B z normalized to B T versus the IMF angle (tan −1 (B x ∕B y )) in x, y plane from the x axis. Perfect PS (OPS) corresponds to −45 ∘ (+45 ∘ ). The red (blue) dots indicate when KH event was classified occurring during NIMF (SIMF), black triangles (circles) indicate events during PS and OPS IMF, and black dots indicate when none of the above binning criteria were satisfied. Red (blue) triangles indicate when event was classified both as PS and NIMF (SIMF), and red (blue) circles indicate when event was classified both as OPS and NIMF (SIMF). The statistics detailing the overlap is as follows: At the dawn flank 16.67% of the KH events occurring during NIMF are also categorized as PS and 2.78% as OPS, while 12.5% of SIMF events are also PS and 0% are OPS. At the dusk flank 4% of the KH events occurring during NIMF are also categorized as PS and 4% as OPS, while 33.3% of SIMF events are also PS and 11.11% are OPS. Except for KH events (33.33%) at the dusk magnetopause that are both classified as SIMF and PS, the overlap for other conditions is rather small (<17%). Table 3 shows the average solar wind speed and Alfvén Mach number for each of the four overlapping categories (presented as blue or red triangles and circles in Figure 10 ) in each flank, indicating that at the dusk the KHIs are observed for very high solar wind speeds for NIMF when the horizontal IMF is in PS orientation. This makes sense, as overcoming the magnetic tension more velocity shear is required. At dusk, the KH events also occur for higher solar wind speeds for NIMF than for SIMF, probably because during NIMF the boundary layer is thicker due to flux pile up at the dayside, while for SIMF the dayside reconnection can create a thinner boundary. Another interesting feature that initially seems counterintuitive based on the reduced magnetic tension argument is that at the dawn flank the NIMF cases that are also classified as PS occur during slightly higher SW speeds than the OPS cases. This is probably because the solar wind M A is much higher for OPS cases (16-17) than for PS cases (10-11) at the dawn sector, indicating that the strength of the IMF is slightly higher at dawn for events which were classified both as NIMF or SIMF and PS.
The growth rate of MHD KH instability is mostly determined by the the direction of the magnetic field, which is well summarized by equation (1) (Chandrasekhar, 1961) . It is well known that compressibility can reduce the KH growth rate (Miura & Pritchett, 1982; Pu & Kivelson, 1983) . However, Pu and Kivelson (1983) pointed out that for typical conditions occurring on the Earth's magnetopause the effect from compressibility is very tiny (e.g., section 5 in Pu & Kivelson, 1983) . Furthermore, a typical KH wavelength at the Earth's magnetopause (i.e., 2-6 Earth's radii is about 10 to 50 times longer than the the typical width of magnetosheath-magnetospheric boundary (Dunlop et al., 2001) . For such a long KH wavelength, Miura and Pritchett (1982) demonstrated that both compressibility and finite initial sheared flow width have minor effect on the KH growth rate (see Figures 3 and 4 in Miura & Pritchett, 1982) . Therefore, we think that using equation (1) is sufficient for the purpose of this study.
Furthermore, when considering the 3-D dynamics and the real magnetospheric topology, during SIMF magnetic reconnection can also operate at the vicinity of the dayside magnetopause, which can result in complicated magnetic field geometries, especially when KHI is also operating. Ultimately, the interaction of KHI and reconnection in 3-D depends on which of these starts as a primary mechanism (Ma et al., 2014a (Ma et al., , 2014b . Figure 11 . are 0.8985 and −1.075, respectively, indicating that a typical KH event is likely to occur when |B x | ≈ |B y |. Like discussed before, it is also evident from this graph that most KH events occur at the dawn sector for PS orientation with ≈ −20 ∘ .
Conclusions and Discussion
In the present paper we have studied the dawn-dusk asymmetry of the KHI between 2007 and 2013 using THEMIS data and its occurrence dependence in relation to four prevailing IMF orientations: northward IMF (NIMF), southward IMF (SIMF), Parker Spiral (PS) IMF and Ortho-Parker-Spiral (OPS) IMF, solar wind speed, and the Alfvén Mach number. The main conclusions are as follows:
1. There is an overall preference to the dawnside for KHIs. 2. The KH events are observed at the dusk sector for higher SW speeds. 3. During PS IMF, there is a significant preference to the dawn flank of the magnetopause. 4. A preference to dusk is suggested for OPS, but more data will need to be collected before proper conclusions may be drawn. 5. The weighted occurrence rates of the KHI show preference for the dusk during NIMF. 6. Average magnitude of the angle, | |, between KH k vector and velocity shear vector is larger at the dawn sector for all IMF conditions than that at the dusk sector.
These results that show dawn flank preference of the KHI during PS orientation strongly support the idea that dawn-favored asymmetry of the density and temperature of the cold component plasma sheet ions is driven by asymmetric development of the KHI. Both reconnection in KH vortices (Nishino et al., 2007; Nykyri et al., 2006) and ion-scale wave generation by the KHI Moore & Nykyri, 2017; Moore et al., 2016) has been linked to ion heating. Furthermore, while Ma and Otto (2014) showed that significant heating due magnetic reconnection is possible only for very low magnetosheath plasma beta, it may be possible that compression of the magnetic field by the KHI can generate low beta regions, so that shocks associated with 3-D reconnection in KH vortices may provide effective heating. This effect may be further enhanced for low solar wind Alfvén Mach numbers. We will return to this topic in our future work.
An interesting result is that KH events at the dusk flank are observed during much higher SW speeds than those at the dawn sector. Considering that for the same SW conditions and PS orientation the dusk flank has higher velocities than the dawn (Dimmock & Nykyri, 2013) , this could be partly explained because spacecraft happens to be at the flank with typically higher speeds (dusk).
The other aspect is that the NIMF and SIMF orientations still have some horizontal IMF, so when on average the horizontal component of IMF is predominantly in PS orientation, there is more magnetic tension on average on the dusk sector (even for NIMF or SIMF), so KH would not be observed at the dusk sector unless the SW and resulting magnetosheath speed was somewhat higher. Figures 1 and 4 indeed suggest that there are slightly more tailward events (X < −2 R E and 90 ∘ ≤ ≤ 150 ∘ ) at the dusk sector for PS orientation, where the strong tangential magnetic field can be overcome by higher velocity shear.
Finally, we note that in order to draw definite conclusions that KHI operates more readily at the dusk flanks during OPS, more data at the dusk flanks need to be collected. Ideally, it would be beneficial to study KH simultaneously at dawn and dusk flanks for range of solar wind conditions, which will likely be possible during future Magnetosphere Multi-Scale and THEMIS orbital phases.
Appendix A: Magnetic Field and Plasma Parameters
All the Kelvin-Helmholtz events for which our analysis gave propagation angles greater than 60 ∘ were checked. Figure A1 shows magnetic field and plasma parameters for five of these events with very high propagation angles, which do not seem to have typical characteristics of the KHI. We do not think that these are KH events.
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